Nitrogen in water - Portugal and Denmark: two contrasting realities by Cruz, Soraia et al.
water
Review
Nitrogen in Water-Portugal and Denmark: Two
Contrasting Realities
Soraia Cruz 1,*, Cláudia M.d.S. Cordovil 1, Renata Pinto 1, António G. Brito 1 ,
Maria R. Cameira 1 , Guilherme Gonçalves 1, Jane R. Poulsen 2, Hans Thodsen 2,
Brian Kronvang 2 and Linda May 3
1 School of Agriculture, University of Lisbon, LEAF—Linking Landscape, Environment, Agriculture and Food,
Tapada da Ajuda, 1349-017 Lisbon, Portugal; cms@isa.ulisboa.pt (C.M.d.S.C.); renatamspinto@sapo.pt (R.P.);
agbrito@isa.ulisboa.pt (A.G.B.); roscameira@isa.ulisboa.pt (M.R.C.); guilherme964@gmail.com (G.G.)
2 Department of Biosciences, University of Aarhus, Vejlsovej 25, 8600 Silkeborg, Denmark;
jpo@bios.au.dk (J.R.P.); hath@bios.au.dk (H.T.); bkr@bios.au.dk (B.K.)
3 Centre for Ecology & Hydrology, Edinburgh, Bush Estate, Penicuik, Midlothian EH26 0QB, UK;
lmay@ceh.ac.uk
* Correspondence: scruz@isa.ulisboa.pt; Tel.: +351-913-507-286
Received: 11 March 2019; Accepted: 4 May 2019; Published: 28 May 2019


Abstract: Agricultural activities are responsible for most of the nitrogen (N) inputs that degrade
water quality. To elucidate the drivers leading to N pressures on water, we examined the resulting
state of surface waters in terms of N concentrations, the impact of this on water quality status and
policy responses to these constraints across different climatic and management conditions. Portugal
and Denmark were chosen as contrasting case studies for the Driver-Pressure-State-Impact-Response
(DPSIR) analysis. Our results showed reductions of 39% and 25% in the use of mineral fertilizer
in Portugal and Denmark, respectively, between 2000 and 2010. The N surplus in Portugal varied
between 15 and 30 kg N ha−1 between 1995 and 2015. In Denmark, in 2015, this amount was 70 kg N
ha−1, representing a 53% decrease from the 1990 value. The average amount of total N discharged to
surface waters was 7 kg ha−1 for mainland Portugal in 2015 and 14.6 kg ha−1 for Denmark in 2014.
These reductions in the N surplus were attributed to historical policies aimed at N pressure abatement.
In Denmark, N losses are expected to decline further through the continuation or improvement of
existing national action plans. In Portugal, they are expected to decline further due to the expansion
of Nitrate Vulnerable Zones and the introduction of targeted policies aimed at improving N use
efficiency and reducing losses to water.
Keywords: agricultural intensification; DPSIR; nitrogen; pressures; policies; surface water pollution
1. Introduction
On many occasions, agriculture has been highlighted as a major contributor to nitrogen (N)
pollution to water, although the livestock and urban sectors are important contributors as well. The low
use efficiency of N applied as chemical fertilizers and manures leads to a N surplus that can be lost to
ground and surface waters, reducing their quality and putting pressure onto receiving waterbodies [1].
Indeed, the European Environmental Agency [2] reported that pollution pressures from diffuse sources
(especially agriculture) were affecting 30% to 50% of surface waters in the European Union (EU).
However, the negative impacts of N inputs to water from agricultural sources vary across the EU due to
significant spatial differences in climate, soil types, geology, topography, and agricultural management
activities. In many cases, natural conditions determine land use, N attenuation and, hence, potential
N losses [3]. European crop and livestock farms have increased their productivity in recent decades,
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contributing to the level water contamination by nitrates [4,5]. This is the case in the two countries
under study, which have contrasting agricultural systems [6,7]. Agriculture accounts for approximately
47% of the land use in mainland Portugal [8] and about 60% in Denmark.
Denmark, one of the most intensively farmed countries in Europe [9], became aware at an early
stage that nutrient emissions from diffuse sources, especially in agricultural areas, were causing algal
blooms and promoting hypoxia in coastal waters [10,11]. Since 1985, the negative impacts of nutrient
loads to water in Denmark have triggered a series of “nutrient action plans” such as the designation of
the whole country as a Nitrate Vulnerable Zone (NVZ). These have significantly improved agricultural
N use efficiency and reduced N leaching, even though animal production has increased [12].
In contrast, Portugal has extensive areas of its land (~86%) under agricultural use. However,
the implementation of the Nitrates Directive (ND) was not translated into NVZ designation until
1998, with only 4% of the territory included by 2012. Local factors controlling nitrate leaching are the
high temperatures during half of the year that promote the volatilization of N and reduce losses to
water [13]. On the other hand, alternating dry and wet soil conditions stimulate soil organic matter
mineralization and promote nitrate leaching from mineralized nitrogen compounds [14].
The main objective of this paper is to compare how the current N pressures may affect the
environmental state and water quality in two contrasting countries, Portugal and Denmark. This paper
also hypothesizes that different policies, and their implementation, have influenced agricultural N
pressures and, consequently, the environmental condition of water and the effectiveness of various
mitigation measures that have been implemented to reduce N losses from agriculture in both countries.
Although knowledge exists already about water related environmental issues in Portugal and Denmark,
there has been no focused comparison between these contrasting countries in terms of impacts on
water quality and policy responses.
2. Materials and Methods
A brief description of the main differences between Denmark and Portugal, in terms of agriculture
and livestock production, urban pressures, water monitoring systems, climate, policy responses, etc., is
essential to understand better the causes of water quality degradation in each country. Figure 1 shows
where the case studies, Portugal and Denmark, are in Europe, and the main differences between these
countries are presented below. The data used for the analysis in each country was obtained from the
respective National Statistics Institutions.
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2.1. Site Study—Brief Characterization of the Countries
The mainland of Portugal (89,060 km2) is in the south-west of the Iberian Peninsula (Figure 1); it
also has two major archipelagos, the Azores (2333 km2) and Madeira (801 km2). Only the mainland,
which borders Spain (north and east) and the Atlantic Ocean (south and west), was considered in
this study. A Mediterranean climate, characterized by hot, dry summers and cool, wet winters, is the
dominant climatic type in this area. Land use is dominated by agriculture and agroforestry (44%), with
the remaining area being covered by forests (34%), urban areas (4.7%), surface waters and wetlands
(1.4%), pastures and other land uses (15.9%) [15]. The north and south of Portugal differ in terms of the
complexity of their river networks, which are denser in the northern region due to the wetter climate
and geology.
Denmark is in a coastal, temperate and humid part of northern Europe and covers an area of
43,100 km2 (Figure 1). Denmark consists, almost entirely, of sedimentary deposits, although the
island of Bornholm, in the Baltic Sea, consists mainly of bedrock. It comprises 58 major catchments,
each draining to a specific marine area. Runoff varies between 600 mm y−1 in the wet and sandy
south-western part of the country and 150 mm y−1 in the drier and more clayey south-east [16].
According to the Danish Area Information System, land use is predominantly agricultural (67%,
including pastures), while the remaining area includes a mixture of forests (12%), urban areas (7%),
surface waters and wetlands (4%), and other land uses (10%) [17].
In both countries studied, agricultural activities include intensive and extensive systems, livestock
production, and forestry. However, the importance of these activities varies between the countries.
Although the two countries possess different geology, topography, and hydrology, they face similar
problems in relation to declining water quality caused by N inputs from similar sources.
2.2. Nitrogen in Waterbodies
The pressures associated with excess N from different sources on the waterbodies within each
country (PT and DK) were analyzed to understand surface water status. The impact of each N pressure
on the waterbodies in each country was highlighted to identify the main drivers of the environmental
state of water quality. For that, a review of the water monitoring network of each country was
performed and an environmental assessment framework was adapted to analyze all the data collected
from each country. Furthermore, the policy response to N water pollution was examined to understand
better the success or failure of the mitigation measures implemented by each country. Both European
and national scale measures were considered in this analysis.
2.2.1. Water Monitoring Network
Water quality was evaluated across a network of monitoring stations covering the entire EU28
territory, including Portugal and Denmark, in accordance with the related EU Directives. These data
are used by the National Environmental Agencies of both countries to classify and document changes
in the status of waterbodies under the rules of the Water Framework Directive (WFD). Monitoring
of surface waters comprises common European rules of ecological, chemical, physical and hydro
morphological variables to determine whether the quality objectives for the River Basin Management
Plans (RBMPs) are being fulfilled and to document the effects of pressures, including those caused by
N losses to water. Nitrogen contamination enters waterbodies from both diffuse and point sources.
The WFD mandates a “one out all out” approach; this means that if a waterbody fails on one
parameter, it fails the overall water quality assessment. In addition to the mandatory monitoring, some
countries, such as Denmark, have also implemented several country-specific assessment measures.
To understand better the condition of water bodies in relation to N pressures, it is crucial to know
the size of the total N (TN) load that flows from the different parts of the catchment (urban, livestock
and agriculture) to those water bodies. With this purpose, the water monitoring network related to N
of each country was characterized and analyzed (Table 1).
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Table 1. Summary of features and water sampling criteria for Portuguese (RBD1–RBD8) and Danish
(DK1–DK4) River Basin Districts (RBD) for the 2010–2015 WFD planning cycle [6,18,19].
RBD and
DK
RBD Area
(km2)
Quantity and Length of Waterbodies Monitored
Nº of TNC** Samples
Station−1 y−1 (Average
2010–2015)
Nº of Stations
for TNL*
Calculations
Number of
Transitional/Coastal
Zones
Nº of
Lakes/Reservoirs
Length of
Streams/Rivers
(km)
RBD1 2465 7 2 628 1.8 0
RBD2 3584 5 7 850 1.7 0
RBD3 19,218 4 15 5678 1.7 0
RBD4 12,144 14 6 4070 1.9 0
RBD5 30,502 10 20 7503 1.7 0
RBD6 12,149 12 10 2580 0.8 0
RBD7 11,611 5 18 3606 1 0
RBD8 5511 10 5 977 2.1 0
DK1 32,000 84 595 14,157 15 186
DK2 9310 33 217 2443 20 71
DK3 588 2 11 368 20 1
DK4 1100 0 33 411 40 4
*TNL—total nitrogen load/discharged from the different N pressures on land to the waterbodies; **TNC—total
nitrogen concentration in waterbodies.
In contrast to Denmark, in Portugal, TNC monitoring stations are not co-located with the
hydrometric stations that conduct daily streamflow measurements. No specific TN determination is
available for any monitoring station in Portugal (Table 1). The sampling frequency for each River Basin
District (RBD) follows the guidelines established under the WFD: each water quality variable can range
from continuous sampling to once every 6 years. Therefore, as Portugal does not have specialized
stations for TN calculations, the loads discharged into receiving waters need to be estimated annually
by the Portuguese Environment Agency (APA), to evaluate the real TNL and source of the N pressure
into the waterbodies.
Denmark has organized monitoring stations (Table 1) where the real annual TN transport to the
waterbodies is calculated using daily rates of discharge [19]. The daily discharge values from the
hydrometric monitoring stations cover the whole range of agricultural land uses, soil types (sandy to
loamy) and levels of precipitation (dry to wet) [20]. Point source loads are reported annually from
individual sources, which are grouped into urban wastewater treatment plants (WWTP), industrial
sources, sewer storm overflows, freshwater fish farms, and marine fish farms. Stream water samples
are gathered at biweekly to monthly intervals at each monitoring station. Each water sample is
analyzed, among other parameters, for TNC, NO3−, NO2-N and NH4-N concentrations, in accordance
with Danish standards. The ecological condition of Danish waterbodies is evaluated annually by the
competent Official Body of Denmark, using the monitoring data on stream biological status and the
calculated indices for macroinvertebrates, fish and macrophytes [21,22].
2.2.2. Driver-Pressure-State-Impact-Response (DPSIR) Framework
An adapted Driver-Pressure-State-Impact-Response (DPSIR) environmental framework [23] was
used to perform a general analysis of the data collected from the two countries, regarding the effect of
N to water quality (Table 2). This novel comparison helps us to understand how different pressures,
under different conditions, respond to similar policy application measures. In this analysis, the main
driving forces and pressures responsible for the quality of waterbodies and its impacts (number of
eutrophic areas/areas at risk of becoming eutrophic), and any current mitigation measures (e.g., NVZs
and EU-27), were identified. A comprehensive set of indicators was defined to facilitate the discussion.
For some of these indicators, the data collected were used to build maps and graphics so that the
differences between Portugal and Denmark could be compared.
Data on Driver and Pressure indicators (Table 2) were extracted from Eurostat [24–31] for both
countries and the EU. The gross N balance was usually estimated from N inputs (mineral and organic)
and atmospheric deposition (in harvested crops and grazing). These values provided an indication of
the potential N surplus on agricultural land and, consequently, the potential N losses responsible for
the contamination and quality degradation of water.
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In Portugal, data on TNL from agriculture, livestock production and urban sectors to waterbodies
were collected from the RBMPs submitted to the EU Commission by APA in 2015 [6]. APA calculated
these loads using N export coefficients and national scale statistics on crops, livestock, and urban
population. The TNC (mg N L−1) in the Portuguese waterbodies were obtained from the National
Water Resources Information System database [18]. Data from the five most downstream water quality
monitoring stations in each RBD were selected to provide TNC for the period 2010–2015.
In Denmark, data on N leaching and N discharges from point sources, and loads to surface waters,
were obtained from the national monitoring program of the aquatic environment [7,19]. Data on
the TNL from Danish catchments to coastal waters were collected from Danish statistics, Denmark’s
Miljøportal [32]. The Danish Environmental Agency determines the TNL by source, mobilization,
attenuation, and transport pathways between the source and the receiving water. The impact on
waterbodies translates into a status classification with which water quality was assessed with official
data from the RBMPs in the case of Portugal [6] and from water monitoring for Denmark [7,19].
Response to the impacts is translated into policies and legislation. One of the most important
policies relating to N is the ND [33], which gave birth to the creation of NVZ [34] in EU countries,
using different national approaches. Information about NVZs was collected from Portuguese [6,35]
and Danish legislation [12], and from Eurostat and the European Environment Agency (EEA) for EU
data [34,36].
For wastewater treatment, data was collected from APA for Portugal [6], from Denmark’s
Miljøportal [32], Wiberg-Larsen et al. [19] and Danish Nature Agency [37] for Denmark, and from
EEA [2,38] for EU.
Management practices implemented by each country, regarding N water pollution, were compared
and highlighted. To analyze the success or failure of the mitigation measures implemented by each
country, historical N surplus levels and TNC were analyzed.
N surplus data were collected from APA [6] and Cameira et al. [39] for Portugal and from
Blicher-Mathiesen et al. [40] for Denmark.
2.3. Uncertainties and Shortcoming of the Study
Although we believe this study to be useful in comparing how two different water management
systems operate and produce results for use in both countries, there are some uncertainties. Data were
not collected in similar ways in both countries, despite the mandatory regulations and procedures
from the European Union with which Portugal and Denmark must comply. Besides the mandatory
measures imposed at European level, each country has different local characteristics that benefit from
different approaches to water quality monitoring. Denmark is particularly prolific in what concerns
environmental legislation to protect water quality, contrary to Portugal that relies almost exclusively
on adapted European legislation. There was no available data for the same years in both countries so,
the data considered for analysis belongs to the closest dates possible. Nevertheless, the procedures
in each country regarding the adoption of the mandatory EU regulations, accompanied by national
measures will allow evaluating the efficacy of such policies.
3. Results and Discussion
Table 2 shows the outputs of the DPSIR framework analysis [23], with a set of indicators focused
on agricultural and N management in Portugal and Denmark. This information provides the basis
for the discussion in the subsections below regarding the steps in the DPSIR chain (Driving Forces,
Pressures, States, Impacts, and Responses).
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Table 2. Trends of driving forces, pressures, state, impacts, and responses of Portuguese and Danish nitrogen (N) losses from land to water [23].
Indicator Portugal (PT) Denmark (DK) EU
Driving Forces *
Fertilizer consumption Mineral fertilizer used byagriculture (2000–2010)
170 × 106 kg (2000)
103 × 106 kg (2010) [24] 39% ↓
252 × 106 kg (2000)
190 × 106 (2010) [24] 25% ↓
10.03 × 109 kg (2000)
7.85 × 109 kg (2010) [24] 22% ↓
Land use Agricultural area (2005–2010) 3.68 × 106 ha (2005)
3.67 × 106 ha (2010) [25] 0.3% ↓
2.7 × 106 ha (2005)
2.6 × 106 ha (2010) [25] 2.3% ↓
1.76 × 108 ha (2005)
1.74 × 108 ha (2010) [25] 1% ↓
Arable land Arable area (2005–2010) 1.24 × 106 ha (2005)
1.17 × 106 ha (2010) [26,30] 6% ↓
2.50 × 106 ha (2005)
2.42 × 106 ha (2010) [26,30] 3% ↓
1.04 × 108 ha (2005)
1.03 × 108 ha (2010) [26,30] 1.4% ↓
Livestock patterns Livestock Unit (LSU) (2005–2010) 2.07 × 106 LSU (2005)
2.21 × 106 LSU (2010) [27] 7% ↑
4.57 × 106 LSU (2005)
4.92 × 106 LSU (2010) [27] 8% ↑
1.37 × 108 LSU (2005)
1.34 × 108 LSU (2010) [27] 1.9% ↓
Population Total population (2005–2017) 10,562 × 103 persons (2005)
10,320 × 103 persons (2017) [31] 2.3% ↓
5419 × 103 persons (2005)
5 764 × 103 persons (2017) [31] 6.4% ↑
495,517 × 103 persons (2005)
511,876 × 103 persons (2017) [31] 3.3% ↑
Pressures *
Nitrogen loss Gross N balance (2005–2014) 45 kg N ha
−1 (2005)
43 kg N ha−1 (2014) [28] 4.4% ↓
87 kg N ha−1 (2005)
79 kg N ha−1 (2014) [28] 9% ↓
54 kg N ha−1 (2005)
51 kg N ha−1 (2013) [28] 5.6% ↓
Ammonia (NH3)
emissions
NH3 emissions from agriculture
(1990–2010)
51 × 106 kg NH3 (1990)
43 × 106 kg NH3 (2010) [29] 16.7% ↓
113 × 106 kg NH3 (1990)
72 × 106 kg NH3 (2010) [29] 36.7 ↓
4.79 × 109 kg NH3 (1990)
3.36 × 109 kg NH3 (2010) [29] 29.8 ↓
State Water quality
Average TNL from land to water
(PT: 2015; DK: 2014) 7 kg N ha
−1 to surface waters [6] - 14.6 kg N ha
−1 to marine
waters [7,19]
- - -
Total TNL WWTP to water (2015) 21.5 (t N y−1) [6] - 3.48 (t N y−1) [7,19] - - -
Impacts Eutrophication
N in eutrophic waterbodies and
areas at risk of becoming
eutrophic
10 reservoirs
2 transitional waters [6] -
459 lakes, 82 transitional and
coastal waters [7,19] - - -
Responses
Nitrates Directive
Nitrate Vulnerable Zones
(NVZ)
Total NVZ area 4011 km2 [6,35] - 26,086 km2 [12] - 1.7 × 106 km2 [34,36] -
Percentage NVZs of total
country/continent area 4% [6,35] - 100% [12] - 40.9% [34,36] -
Wastewater treatment
(WWTP)
% without treatment 1% [6] - 0% [19,32,37] - N-0.9%, C-0.2%S-2%, E-13.1% (recovered) [2,39] -
% with secondary treatment 74% [6] - 2.1% [19,32,37] -
N-2.3%, C-19.54%
S-32.8%, E-10.6% (recovered)
[2,39]
-
% with tertiary treatment 11% [6] - 97.9% [19,32,37] -
N-76.6%, C-77.36%
S-60.3%, E-51.5% (recovered)
[2,39]
-
*Arrows in Driving forces and Pressures indicate the tendency for a specific indicator to increase ↑ or decrease ↓ between the years into brackets.
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3.1. Nitrogen Drivers, Pressures, and State of Receiving Waters
The N pressures on waterbodies in Portugal and Denmark result from three main sources: (i)
agriculture, (ii) livestock and (iii) urban drivers. These pressures result in different water states
depending on their intensity and on the nature of the associated river basins. The latter, presenting
characteristics that favor TN drainage from leaching and runoff into the waterbodies were analyzed
and the results are presented in Figure 2 for Portugal and Figures 3 and 4 for Denmark.
In Portugal, the designation of an NVZ is restricted to river basins with geographical and soil
characteristics that increase drainage potential and favor an increased load of nitrate to water; so, NVZ
action plans [35] apply to these areas, only. In contrast, in Denmark, 100% of the land was considered to
be vulnerable and there is a national scale action plan for the whole country [12]. As shown in Table 1,
the hydrological coverage in Denmark is far more extensive than in Portugal, which favors situations
of potential nitrate losses into water basins, and increased denitrification potential. In Portugal, the
alternation of dry and wet periods promotes the mineralization of soil organic matter leading to nitrate
formation and, potentially, greater losses to water.
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Figure 2 shows the loads of TN discharged to surface waters from agriculture, livestock, and
urban sources in mainland Portugal. The currently designated NVZs and Sensitive Zones (SZs) are
also shown. Despite the enhanced emissions of TNL from urban sources, particularly in RBD5 (271 kg
ha−1 y−1), agriculture is still the major contributor of TNL to surface waters on a national scale (~40%
from agriculture and ~35% from livestock compared to ~22% from the urban sector). The primary
sector is quite important in Portugal as it contributes to a great percentage of the Gross Domestic
Product (GDP), but it also poses a source for potential pollution. A more detailed allocation source
of TNL to water from all the different sectors is of great importance at the regional and local scales,
especially when focusing on better control of N emissions in NVZs. NVZs are always associated with
agricultural regions, but include some urban areas too.
Surface waters in RBD1, located in the north of Portugal, are mostly affected by TNL from
livestock (2.5 kg N ha−1 y−1) and agriculture (2.0 kg N ha−1 y−1). In the case of surface waters in RBD2
(associated with NVZ1) livestock (6.6 kg N ha−1 y−1) and urban (6.1 kg N ha−1 y−1) drivers produce
the predominant pressures, whereas in RBD4 which is located in the Aveiro estuary (associated with
NVZ2) all drivers exert similar, but low, pressures (0.25–0.31 kg N ha−1 y−1). In this region in particular,
the hydrology and topography determine the possibility of denitrification occurring. The surface water
catchments in RBD3, RBD5, RBD6 and RBD7 are associated with the highest agricultural areas (16%,
31%, 18% and 22%, respectively) and relatively high total losses of N from agriculture (2.6, 2.3, 1.9 and
3.1 kg N ha−1 y−1, respectively) (Table 2). Despite the vast agricultural area, RBD3 has the heaviest
urban pressures due to increasing urbanization and tourist activities in the Douro Valley. Including the
NVZ3 and NVZ8, RBD8 receives mostly urban discharges, with a N load of 2.3 kg N ha−1 y−1. The
agricultural sector contributes an N load of 1.8 kg N ha−1 y−1.
In Portugal, agricultural areas are occupied by non-irrigated cereal crops (e.g., wheat, barley, oats,
rye), irrigated crops (vegetables, maize, paddy rice), olive groves, vineyards, and orchards. Livestock
production is also common throughout the country. More specifically, dairy cow production dominates
in the north of Portugal (in small and large intensive production units), and sheep and goats dominate
in the southern provinces (on extensive grassland farms with less nitrate leaching potential). In RBDs
5, 6 and 7 especially in “Ribatejo” (Tagus vulnerable zone 5; TVZ) and “Alentejo” (NVZ7) provinces,
intensive agricultural activities pose an important nitrate pollution risk because maize, which requires
large quantities of mineral fertilizer and frequent irrigation, is the most common crop in the area [41].
In “Ribatejo”, processing of tomato and other vegetable crops is also responsible for a large share of N
losses to water, thus contributing to the degradation of surface water state [42].
Fertilization practices vary significantly from one region to another due to different cropping
systems. However, as shown by Cameira et al. 2018 [39] for the TVZ, the ND (91/676/EEC) [33] related
measures that have been put in place are relatively effective in areas with intensively irrigated crops,
while they are less efficient in areas where livestock predominates due to intensive nature of the
production units. Besides the identification of a N surplus in parts of the TVZ related to agricultural
activity and land-use change in recent years, additional concern was raised about the recent increase in
intensively managed olive grove areas in Alentejo (associated with the NVZ6), which may constitute
an additional driver of TN discharge and losses to the water bodies [43].
Figure 3 shows point source discharges of TN (kg ha−1) from 2010 to 2015 (left) and N leaching
from land to water in Denmark in 2010. In general, the N leaching pattern was higher in Jutland,
in the south-western part of the peninsula (60–75 kg N ha−1 and >75 kg N ha−1). This was due
to a combination of high livestock densities (dairy and pig production), high mean annual rainfall
(900–1100 mm y−1) leading to high percolation of water and runoff into streams (600 mm y−1) and
a dominance of sandy soils. These conditions associated with intensive agricultural practices led to
higher N leaching in this province than in the drier and loamy eastern islands of Funen and Zealand
(Figure 3; right). Point source discharges of N to surface waters are very low because tertiary treatment
of sewage eﬄuent is implemented in 97.9% of all the WWTP in Denmark [37]. Therefore, high levels
of point source discharges are found only near major cities, such as Copenhagen, Aarhus, Odense
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and Aalborg (Figure 3). This does not correspond to the situation in Portugal, where only secondary
treatment is implemented in nearly all the WWTP [6], transforming urban pressures into a high concern
in relation to N and other losses.
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Danish territory is highly dependent on, and linked to, the sea and corresponding coastal
interaction. This contrasts with Portugal, where only the west and south coast connect to the sea, with
some small saltwater intrusions. Three of the NVZs, however, are in these areas (Figure 2).
The amount of TN lost from land to water is an indicator of the likely level of N contamination by
receiving waters. In P rtugal, the value of N losses is estimated to be an a erage of 7 kg N ha−1 to
surface waters, whereas the corresponding value for discharges t coastal waters around Denmark
is estimated to be about 14.6 kg N ha−1 (Fig re 4) [32]. Although the discharge to coastal waters
in Portugal is not presented due to lack of statistical information, there is a clear difference in N
discharge in both countries. While in Denmark the hydrological conditions and flat topography favor
denitrification and could reduce N losses, in reality leaching losses were found to be higher than in
Portugal. Water quality policies appear not to be reducing the loss of nitrate to water significantly,
despite the heavier legislation requirements in Denmark.
The TNL from Danish catchments to coastal waters in 2015 is shown in Figure 4. Nitrogen loads
to surface waters are particularly high (>15 kg N ha−1) in livestock production areas with high levels
of precipitation (i.e., southern and northern Jutland and Funen), whereas the N load is lower in the
predominantly plant producing areas of eastern Funen and western Zealand. High N loadings (>12.5
kg N ha−1) from point sources occur within the Copenhagen region (eastern Zealand) (Figure 4).
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3.2. Impacts on Water Quality and Ecology
The pressure of N discharges from the different drivers, as s in Figures 2 and 3 r spectively for
Portugal and Denmark, results in impacts on water quality that can be seen in Figure 5. To understand
better the impact of N on waterbodies, TNC (mg N L−1) in the surface waters of Portugal and Denmark
were analyzed between the years of 2010 and 2015 (Figure 5). Then, the ecological status of rivers,
lakes/reservoirs and coastal/transitional waters were analyzed and compared for both countries (Figure 6).Water 2019, 10, x FOR PEER REVIEW  12 of 21 
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Total (N) and (NO3-N) concentrations in ground and surface waters are important because they
determine the impact on chemical water quality of these waterbodies as defined by the ND and WFD.
Monitoring of TNC and daily flows at surveillance stations is important for providing reliable data on
TN loadings in surface waterbodies.
In Portugal, TNC are only available for 30% of the mainland due to the limited sampling
and inconsistency of sampling dates compared to monitoring sites. This does not provide reliable
information on water (N) concentrations (Table 1 and Figure 5). Nitrogen transport from Spain to
Portugal plays an important role in detremining the level of total N loading and (N) concentrations in
some Portuguese rivers, such as the Tagus [44]. Total nitrogen concentrations in Portuguese rivers
exhibit a pattern of generally low (N) concentrations (Figure 5), which does not necessarily reflect
reality, up to where the extent of samplings permitted estimation (i.e., ≥8 months). Hotspots for
nitrate pollution will only be identified through modelling at higher resolution, while at the broader
scale policy implementation seems to be effective in controlling nitrate [39], despite the loads in the
discharges coming from Spain.
In Denmark measured TNC in surface waters were generally higher in the loamy and drier eastern
part of the country (Funen and Zealand) than in the northern part of Jutland which, with its chalk
groundwater aquifers, is characterized by low N attenuation (Figure 5) [45].
In Portugal similar assessments to those performed in Denmark cannot be made due to the almost
complete absence of specific monitoring stations to assess N loading (Table 1).
The patterns observed in the two countries seem to vary markedly from each other—with the
Danish surface waters displaying higher flow-weighted total N concentrations (~4 mg N L−1) than
the Portuguese rivers (~2.5 mg N L−1) (Figure 5). A possible explanation for the much higher TNC in
Danish surface waters compared to the Portuguese rivers may be the 2.6 times higher N surplus in
Danish agriculture compared to Portuguese agriculture (Table 2). Due to the lack of a comprehensive
monitoring network in Portugal, the identification of N surplus is only possible through the downscaled
analysis of specific river basins [39]. However, while WWTP with tertiary treatment in Portugal are
non-existant [6], almost 100% of the WWTP in Denmark have high nutrient recovery (Table 2). This
leads to the assumption that the N loads to Danish waters should be lower, which is not the case. In
fact, in Denmark, the N load from the WWTP is measured as a pressure on water quality whereas, in
Portugal, it is simply unknown.
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For rivers, three out of the four Danish RBDs have an overall WFD status of less than good, while
the same status only occurs in three of the eight RBDs in Portugal (Figure 6a). The differences between
the two countries is probably influenced by the fact that all Danish rivers are considered irrespective of
their size, so a significant number of small streams (<2 m width) are included in the determination of
status. These small streams are more vulnerable to pollution than larger streams that have a higher
dilution rate and greater potential for recolonisation by biota. In contrast, in Portugal, only streams that
are monitored and have WFD targets for ecological and physical conditions are considered. The three
Portuguese RBDs that do not meet good ecological status—RBDs 5, 6 and 7 (Figure 6a)—are located in
areas dominated by irrigated and intensive cropping systems (e.g., rice and tomato) with high fertilizer
application rates (RBD 5) or non-irrigated production intensive cropping systems (e.g., maize) and
vegetable production (e.g., horticultural crops) (RBDs 6 and 7). In Portugal, agricultural intensification
is often associated with livestock production, which also contributes to water quality degradation [6].
In relation to lakes and reservoirs, three out of the eight Portuguese RBDs have a less than good
status; the comparable figure for Denmark is two out of four (Figure 6b). However, phopshorus
(P) loading rather than N loading is the dominant nutrient pressure on lakes and reservoirs, and in
most inland waterbodies P loading from the lake sediments is also significant due to chemical and
biological factors [46]. In Portugal, few studies have classified the trophic state of lakes and reservoirs.
However, Diogo (2008) [47] found that 64% of the eutrophicated reservoirs in Portugal are also affected
by excessive inputs of P. In Denmark, considerable efforts have been made to reduce the P load to lakes
and reservoirs [48–50]. However, in Portugal, P is just starting to be a concern in terms of water quality,
since the attention of policy has focused so far on N as a major driver for water contamination.
In terms coastal/transitional waters in Denmark, in two of the four DKs, 70–80% of the waters
have less than good status according to their WFD classification (Figure 6c). In Portugal, in four
out of the eight RBDs, 50–90% of coastal/transitional waters have less than good status (Figure 6c).
In Denmark, excessive N loading is the main reason for the poor state of its coastal and transitional
waters, with the severe eutrophication of these systems acting as one of the main drivers for the
implementation of seven action plans that have been implemented over the last 30 years to improve the
aquatic environment [12,45]. In Portugal, although several local studies have investigated the impact
of nutrient input on water quality status in transitional and coastal waters [51–53], uncertainty still
exists about which nutrient is causing excessive algal growth and, thereby, influencing trophic state
and ecological quality status in these areas.
Although knowledge of the quality status of Portuguese waterbodies is increasing, several gaps
in knowledge remain. These are mainly due to the low number of water quality monitoring stations
within each RBD and the non-existent sites that are suitable for TNC calculation (Table 1). Moreover,
the importance of coastal waters within the Danish territory is far more significant than in Portugal,
due to the inherent characteristics of the territories themselves.
3.3. Responses to Nitrogen Impacts
The ND [33] was the first European response to water pollution associated with nitrate from
agricultural and livestock rearing activities. To mitigate and abate N losses from agricultural sources,
all of the Danish territory has been designated as a NVZ [12] while in Portugal, the NVZ areas occupy
only 4% of the land (Figure 2) [35]. This means that in Denmark, the implemented action plan on
waterbodies covers the entire country, and strict regulations have been imposed on all farmers since
the mid-1980s. This has resulted in large reductions in N leaching [12]. In Portugal, the first three
NVZs were mapped in 1997 and these increased in number and areal coverage until 2012. New areas
are now likely to become NVZs and, therefore, require further regulation. For instance, some may be
designated as SZs with strict regulation associated with discharges.
Despite the heavier regulation, nitrate losses in Denmark are higher per unit area of land due to
the more intensive type of agriculture compared to the more extensive agriculture found in Portugal.
As well as the land characteristics being important, the type of farming affects the water quality, too.
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Also, Denmark has a much higher number of lakes and transitional coastal waters that are likely to
be impacted by N losses from land compared to Portugal, which is mainly formed of continuous
areas of land with a defined and substantially less extensive river basin network. This results in a less
vulnerable water network with correspondingly lower N loads to surface waters. Agricultural intensity
is also a main driver of the higher N excess in Danish waters, due to higher agricultural and husbandry
pressures (Table 2). In theory, Danish conditions could lead to additional denitrification, which would
reduce the level of nitrate leaching into water. However, since this is not the case, agricultural systems
are probably the main factors that are determining N losses.
Where the soil-water system is defined by fast-flow processes in an oxic groundwater zone, there
is a risk that a large part of the N surplus may be discharged to surface waters [45]. Nitrogen loads in
streams are also influenced by manure and fertilizer use, runoff and soil type [3,54,55]. These may be
enhanced by the discharge of poorly treated wastewaters and/or eﬄuents from different sources, and
the level of sophistication of the process in the WWTP may affect water quality, too.
3.4. Nitrogen Management and Policies Implemented
To analyze and compare the success or failure of the mitigation and abatement measures
implemented by each country, the historical levels of N surplus (Figure 7) and TNC (Figure 8) were
analyzed. Policy responses for each country were identified (Table 3).Water 2019, 10, x FOR PEER REVIEW  15 of 21 
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(1990–2015) [6,39,40].
The N surplus in Portugal and Denmark between 1995 and 2015 (where available) are shown in
Figure 7. According to the Portuguese Administration [6], the N surplus varied between 15 and 30 kg
N ha−1 over this period, but showed no obvious trend. The more or less constant, but low, N surplus
in Portugal was apparently unaffected by the incorporation of European Directives into Portuguese
law—i.e., the Nitrates Directive [56], the Water Framework Directive [57] and the Wastewater Treatment
Directive [58] in 1997; the designation of NVZs in 1998, 2005 and 2010; and, the introduction of a
common agricultural policy in 2003. It is likely that this occurred because the effect of these new
regulations was masked by a higher level of incorporation of manure into the soil and an increase
in the area of land used for vegetable cultivation and pasture over this period [59]. Despite the
mandatory policy regulations in Portugal, best practices remain at the discretion of the farmers and are
so dependent on the farmer’s ability to protect any streams that have an impact on the RBDs.
A decreasing trend is evident in Denmark, where a reduction from 157 kg N ha−1 in 1990 to 70
kg N ha−1 in 2015 has been achieved. This significant downward trend can be ascribed to the seven
aquatic action plans that have been implemented in Denmark since 1985 (Table 3) [45].
Data from the Valada Tejo (19E/02) monitoring station [18], located on the downstream part of the
Tagus River in Portugal, was selected to analyze the trend in TNC over the period 2002–2015. Total N
concentrations decreased from 1.75 mg N L−1 to 1.1 mg N L−1, which is equivalent to a reduction of
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about 38% (Figure 8). A much steeper downward trend in average TNC over time was detected for
monitored streams in Denmark (Figure 8) [19], with flow-weighted TNC decreasing from 7.5 mg N L−1
in 1990 to 4.3 mg N L−1 in 2015, i.e., a reduction of about 43% (Figure 8). It should be noted, however,
that the starting point for TNC was higher in Danish waters than in Portuguese waters.Water 2019, 10, x FOR PEER REVIEW  16 of 21 
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Figure 8. Historical concentrations of TNC based on data from the Valada Tejo (19E/02) monitoring
station in Portug l (2002–2015) and on D nish flow-weighted total N concentrations between
(1990–2015) [18,19].
In Portugal and Denmark, TNC in water were affected differently by the implementation of N
abatement policies that are shown in chronological order in Table 3. Higher precipitation occurring in
Denmark, compared to Portugal, could have also contributed to a dilution effect, thus enhancing the
reduction of TNC in Danish waters. However, it should be noted that the two time series are not exactly
comparable because the Danish time series represents the whole country (120 monitoring stations),
whereas the Valada Tejo station shows the trend at a single station, only. Also, 80% of the catchment that
drains into this monitoring site is in Spain [44]. Nitrogen monitoring is clearly insufficient in Portugal,
although the reason for this is unknown. As mentioned before, officially recorded N concentrations in
streams do not necessarily show the presence or absence of a N surplus. Further downscaling of the
data is needed to identify N hotspots [39].
Table 3. Historical nitrogen abatement policies in Portugal and Denmark.
Country Year Policies Main Recommendations
DK
1986 NPO Program Ban on point source pollution from slurry tanks; Control at farm level;Limit application to 265/230 kg organic N for cattle and pig farms.
1987 Action Plan for the Aquatic Environment 49% reduction in NO3 leaching from agriculture by 1993; Code of goodag iculture practice.
1989 National Monitoring Program for the AquaticEnvironment Advisory services to the EPA; Environmental r search; Monitoring.
1991 Action Plan for Sustainable Agriculture Mandatory N standards f r crops; Controlled use of N in rganicmanure; Ban on slurry application from harvest until 1st February.
1998 Action Plan for the Aquatic Environment II Catch crops on 6% of land area; N standards set at least 10% beloweconomic optimum; 170 kg N ha−1 for cattle and pig farms.
2004 Action Plan for the Aquatic Environment III 10 m buffer strips along rivers and lakes; 13% reduction of N leachingfrom agriculture by 2015.
2008 Green Growth 19 k tons reduction in emission of N to marine waters; 10 m bufferstrips along watercourses; 140 k ha target for catch crops.
PT
1997 Transposition of Nitrates Directive intoPortuguese law (Decree-Law 235/97)
Designation of 3 NVZs; Code of good agricultural practice; Control of
NO3 concentrations in surface and ground waters; Evaluation of
eutrophicati n status of waters.
1997
Transposition of Waste Water Treatment
Directive into Portuguese law (Decree-Law
152/97)
Designation of SZ an less sensitive zones; Regulation of N and P levels
in waste waters discharge.
2002 National Water Plan (Decre -Law 112/2002) Strategy for national water policy; Creation of river basin managementplans.
2003 Common Agriculture Policy
2005 Water Law 58/2005 Institutional framework for sustainable water management.
2007 Decree 214/2007 and Order 8277/2007 National strategy for livestock and agri-industrial eﬄuents.
2009 Ordinance 631/2009 Rules for the management of livestock eﬄuents.
2010 Ordinance 164/2010 Designation of 8 NVZs.
2012 Ordinance 259/2012 Action plan for the 8 NVZs in mainland.
2013 Decree 81/2013 New strategy for livestock activities; Management.
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3.5. Evaluation and Recommendations for Policy Making
Due to the maintenance and improvement of the Danish action plans, N losses are expected to
decline even further. In Portugal, the introduction of several additional measures has been suggested
to control N losses to water. These include expansion of the NVZs, a more extensive surveillance
monitoring network that includes high-frequency measurements of water flow and chemical parameters
at co-located gauging stations, and policies targeted at improving N use efficiency. Due to the very
diverse nature of the agricultural systems throughout Portugal, a revision of ND measures is suggested
for the existing NVZs, with the aim of producing targeted measures. The results from this study also
highlight a need to ensure that farmers are complying with the ND related programs of measures.
Water quality matters for agricultural use, to some extent, but is more important where water is
used for drinking purposes as it affects human health. Research on this topic has not had a sufficiently
high influenced enough on policy making or implementation, due to the differences in countries or
regions characteristic in terms of natural aspects but also regarding the sectors that drive N losses
into water. Barriers that prevent science-based information to further influence EU policy making are
mostly national and regional and relate to the lack of political will, of incentives to adoption and of
implementation of command and control legislation [60]. Moreover, the lack of current understanding
of the effects of the measures on the real water quality improvement, further complicates science
contribution to policy making [61].
4. Conclusions and Future Perspectives
The carrying capacity of watercourses is often determined by site specific factors that cause
variations in water quality responses to N inputs. Therefore, to protect water resources effectively,
environmental policies need to be introduced that take into account many complex issues and address
several economic and societal challenges. Moreover, the preventive approach is more cost-effective
than remediation. For example, nitrate removal from contaminated drinking water is very costly,
which is of great concern to water utility companies.
The DPSIR framework provides a strong framework for presenting water quality indicators to
policy makers and raising awareness of the importance of considering environmental quality in the
political choices made, now and in the future. A comparison of drivers, pressures, state, impacts,
and responses in relation to N contamination of waterbodies showed that the implementation of
policy measures promoted a significant reduction of N losses from land to water in Denmark, which
resulted in a decrease of 25% in fertilizer use and a reduction of 53% in N surplus. In Portugal, the
corresponding reductions were 39% for fertilizer use and 15 to 30 kg N ha−1 for the N surplus, with
no significant trend. Average total N discharge to surface waters was calculated to be 7 kg ha−1 for
mainland Portugal in 2015 and 14.6 kg ha−1 for Denmark in 2014. In both countries, the agricultural
sector was found to be the main source of the N pressure on waterbodies.
Following the implementation of the Water Framework Directive in 2010, “less than good” water
quality status was recorded in three out of eight RBDs in Portugal and in two out of four RBDs in
Denmark. However, data suggest that the main differences in water quality status between the two
countries is probably due to lower frequency of sampling for the determination of TNC, the less
extensive monitoring network and the higher agriculture production intensity that is found in Denmark
compared to Portugal.
Reduction in the levels of N in waterbodies was attributed to the historical implementation of
policies aimed at reducing the N losses from land to water in both countries, but climatic factors such
as precipitation can also have a role in reducing the N concentration in waters through a dilution effect.
In Portugal, policies were the transposition of the ND and Waste Water Treatment Directives into law in
1997, the Water Framework Directive into the Water Law in 2005 (with successive modifications until
2012), and an action plan for NVZ designation, which now covers 4% of the Portuguese mainland. In
Denmark, the observed reduction can be ascribed to the various “National Action Plans for the Aquatic
Water 2019, 11, 1114 17 of 20
Environment” that have been introduced since 1985. These have led to improved N use efficiency and
reduced N pollution, culminating in the designation of the entire country as an NVZ.
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